Major histocompatibility complex (MHC) class I genes encode cell surface molecules that bind and present immunogenic peptides to cytolytic T lymphocytes. We have developed a model using the MHC (Scab) of tassel-eared squirrels, SC&US aberti, to investigate the evolution of MHC genes in subspecies that have been effectively isolated in comparable, if not identical, environments. Class I cDNAs from single S. aberti aberti and S. uberti kuibabensis squirrels were cloned and sequenced. These two cDNA transcripts differed by nucleotide substitutions that were predominantly located in codons impacting the peptide binding site, and nonsynonymous substitutions exceeded synonymous substitutions at these sites. These sequences also differed by the insertion of two amino acids in a pstrand adjacent to position 45 in pocket B of the peptide binding site that may result in a deeper pocket with altered peptide specificity. This indel is present in additional Scab class I sequences, and class I sequences in five subspecies carry identically sized insertions. Phylogenetic analyses of exons 2, 3, and 4 with neighbor-joining and maximum parsimony methods depict that Scab class I sequences diverged at a point intermediate between murid class I sequences and class I sequences of primates, carnivores, and artiodactyls. The relative relatedness of Scab class I sequences to those in the latter group appears to be founded in relative similarities in exons 2 and 3, which encode the peptide binding site. These results bring into question the use of a single model for rodent class I sequences. Moreover, they demonstrate that the inclusion of exons 2 and 3 in phylogenetic analyses of class I may obscure true phylogenetic relationships, perhaps due to convergence through strong selective pressure.
Introduction
The products of class I and class II genes linked to the mammalian major histocompatibility complex (MHC) play a pivotal role in the presentation of foreign peptides to effector T lymphocytes.
The three-dimensional structures of class I molecules, and their peptide binding regions (PBRs) in particular, have been elucidated (Bjorkman et al. 1987; Fremont et al. 1992) . A distinctive characteristic of class I genes is the disparity between the nucleotide substitution patterns in positions encoding the peptide binding site and those that encode the remaining framework of the class I molecule. The occurrence of nonsynonymous substitutions in nucleotides (in the second and third exons) that encode the PBR significantly exceeds that of synonymous substitutions whereas the reverse is true for nucleotides determining framework amino acids (Hughes and Nei 1988) . The excess of nonsynonymous substitutions appears to be based on over-dominant selection due to the specificity of PBRs for specific arrays of peptides, including peptides derived from pathogenic organisms (Hughes and Nei 1988) . Accordingly, the high levels of polymorphism of class I genes are dependent in major part on the diversification of the second and third exons. However, these high levels of polymorphism are balanced by the fact that a considerable number of class I alleles in mice and primates have spanned species divergence (Lawlor et al. 1988; Mayer et al. 1988 ). The analysis of MHC class I genes at the DNA level has been extensive but has principally centered on mouse (H-2) and human (HLA) class I genes with relatively recent emphasis on other primates (reviewed in Pease et al. 1991; Watkins, Zemmour, and Parham 1993) . Surprisingly, the analysis of MHC class I genes in other orders has been generally limited to those of domesticated animals. In the case of the order Rodentia, the study of MHC class I genes has been extended only within the family Muridae with limited sequencing in the A4u.s subgenus Nunnomys (Delarbre, Kourilsky, and Gachelin 1993) and the genera Peromyscus (Crew et al. 1990) , Rat&s (Radojcic et al. 1989) , and Mesocricetus (McGuire, Duncan, and Tucker 1986) . The sampling of MHC genes in rodents is clearly restricted given that the order Rodentia includes 1,687 different species (reviewed in Nowak and Paradiso 1983) . Therefore, our understanding of the evolution of MHC genes is principally drawn from highly divergent sample sets derived from primates and murid rodents.
The fact that MHC class I and class II gene products are the first line of defense in the immune response against foreign pathogens has stimulated interest in environmental factors, e.g., pathogen diversity, that could affect evolution and diversity of MHC genes. We have developed a model system utilizing the tassel-eared squirrel (Sciurus aberti) to investigate the effects of environmental factors on MHC evolution. Tassel-eared squirrels exclusively inhabit Ponderosa pine forests confined to montane "islands" at elevations of =2,100-2,400 m in the southwestern United States and Mexico (Hoffmeister and Diersing 1978) . Their close ecological ties to Ponderosa pine are based in part on a restricted diet of (a) hypogeous fungi, including truffles and false truffles, that are symbiotic with Ponderosa pine, (b) inner bark of terminal pine twigs, and (c) pine seeds and acorns (States et al. 1988) . Morphometric analysis of S. aberti samples led to the assignment of six subspecies: S. a. aberti, S. a. kaibabensis, S. a. ferreus, and S. a. chuscensis in the U.S. and S. a. barberi and S. a. durangi in Mexico (Hoffmeister and Diersing 1978) . The effective separation of four of these subspecies has been supported by polymorphic, mitochondrial restriction sites and cytochrome b genes carried by individuals from the ranges of the respective subspecies (Wettstein et al. 1994 (Wettstein et al. , 1995 . Genomic blot analysis of S. aberti samples collected from two subspecies indicate that the number of restriction fragments that carry S. aberti MHC (Scab) class I sequences is comparable to those observed in mice and humans States 1986a, 1986b) . In order to estimate the relationship between Scab class I sequences and those of other mammalian species, we have sequenced class I cDNAs from single samples obtained from two S. aberti subspecies. Our results indicate that Scab class I sequences do not clearly cluster phylogenetically with murid class I sequences, but may have a closer relationship to class I sequences of non-rodent species, the extent of which depends on the exons chosen for analysis. Further, the frequent occurrence of a tandem repeat of two amino acids in Scab class I sequences suggests that indels may influence diversification of class I PBRs in this species.
Materials and Methods
Sample collection. Tassel-eared squirrels were collected at sites within the ranges of the aberti, kaibabensis, chuscensis, ferreus, and barberi subspecies ( fig. 1 for U.S. subspecies). We have proposed ranges based on continuous habitat as well as the results of studies of mitochondrial restriction site polymorphisms and cytochrome b sequences (Wettstein et al. 1994 (Wettstein et al. , 1995 ; these ranges differ from those inferred from morphological analysis (Hoffmeister and Diersing 1978) . Squirrels were collected in the United States by firearm, live traps (euthanasia by Metofane inhalation), or road kills under the auspices of scientific collection permits. Sciurus aberti barberi samples were collected in the vicinity of Juarez, Mexico with a standard hunting permit. Spleens were immediately removed from collected squirrels and quickly frozen on dry ice.
Class I cDNA cloning and sequencing. Poly-A' mRNA was purified from total RNA extracted from fro- zen spleens of samples K95 (kuibabensis) and A85 (aberti) by the FastTrack system (Invitrogen, San Diego, Calif.). cDNA libraries were constructed by Invitrogen using pTZ 18R phagemid and pcDNA II plasmid vectors for the K95 and A85 samples, respectively. Libraries were plated at high density on nylon filters; replica filters were denatured, neutralized, and hybridized with a 32P-labelled HLA-B7 probe (Sood, Pereira, and Weissman 1981) . Positive colonies were subcloned, and plasmid was purified by the described technique (Holmes and Quigley 1981 for sequences with strong secondary structure. The first steps of sequencing utilized the respective vector primers; successive sequencing steps utilized 20-bp oligonucleotide primers at required intervals.
Polymerase chain reaction (PCR) and cloning. High molecular weight DNA was extracted from spleens as described by Taylor et al. (1985) . PCR amplifications were performed with Taq polymerase for 30 cycles (93°C for 1 min, 55°C for 2 min, and 72°C for 3 min) using 200 ng genomic DNA and 0.1 p,Ci a32P-dCTP Amplification products were analyzed by polyacryla-1 10 AC11.13 GTG ATG GCG CCC GCG AAC GTG CTG CTG CTG CTC TCG GGG GCC CTG GCG CTG ACC CAG ACC AGG G.CG GGC TCC CAC TCC ATG TGG TAT TTC GAA ACC Val Met Ala Pro Ala Asn Val Leu Leu Leu Leu Ser Gly Ala Leu Ala Leu Thr Gin Thr Arg Ala Gly Ser His Ser R Trp ?FjF Phe s Thr mide gel electrophoresis (PAGE) with a 10% polyacrylamide gel, and 32P-labelled products were identified by autoradiography.
DNA amplifications for cloning into pUC 19 were performed with Pfu polymerase (Stratagene, La Jolla, Calif.) in a similar fashion and bluntend ligated into the Sma I site of the vector by incubation of PCR products plus vector in the presence of Sma Z endonuclease and T4 ligase (Liu and Schwartz 1992) . NovaBlue competent cells (Novagen, Madison, Wis.) were transformed with the ligation mixtures, and individual clones were selected based on hybridization with a radiolabelled Scab class I probe. Taq-amplified products of selected clones were generated by using -40 Ml 3 "forward"
and Ml3 "reverse" vector primers. These products were then sequenced with a nested vector primer (-20 M 13 forward) and a semi-automated dideoxy-dye termination sequencer (Applied Biosysterns, Foster City, Calif.).
Statistical methods. The proportions of nucleotide substitutions between all pairs of sequences were computed following Jukes and Cantor (1969) with the exclusion of indels; these estimates were made with the MEGA program (Kumar, Tamura, and Nei 1993) Saitou and Nei (1987) using the MEGA program and (2) maximum parsimony (MP) using PAUP (Swofford 1993) . The outgroup for both NJ and MP trees was a Maru class I sequence (red-necked wallaby) (Mayer et al. 1993 ). All base substitutions received equal weighting in both tree construction methods; the two Scab class I sequences did not exhibit an excess of transitions over transversions, in accordance with previous observations with HLA sequences (Hughes 1995) . Branches in the NJ tree were tested by bootstrapping (200 iterations) through the method described by Rzhetsky and Nei (1992) . Maximum parsimony analysis of aligned class I sequences was conducted using the PAUP heuristic search procedure with 200 iterations of bootstrapping to generate a 50% majority rule consensus tree (Swofford 1993) . Although not as exhaustive as a branch and bound search, the heuristic option with bootstrapping was utilized to efficiently analyze the total number of taxa.
Results
Class Z cDNA cloning and sequencing. Two cDNA libraries constructed with spleen cell mRNA from aberti sample A85 and kaibabensis sample K95 were screened with the full-length HLA-B7 probe. Two clones, SqAClI. 13 (A85) and SqKClI.6 (K95), were selected for Sciurus aberti Class I Genes 59 sequencing since they included inserts that were expected to be full-length (based on size). The nucleotide and translated amino acid sequences of both clones are presented in figure 2 . The limits of the second, third, and fourth exons were inferred from homology with class I sequences from other species. The full-length sequences of SqAClI.13 and SqKClI.6 are distinguished by 52 nucleotide substitutions and one insertion of six nucleotides.
Perhaps the most interesting of the amino acid changes that distinguish the Scab class I gene products is the 6-bp insertion in SqKC11.6 that resulted in a tandem duplication of the Glu-Pro amino acid pair in a B strand at positions 46 and 47 that are adjacent to position 45 that has been proposed to form the base of the B pocket (Garrett et al. 1989) .
The highest proportion of nucleotide substitutions differentiating the two Scab sequences is in the second and third exons as predicted by Hughes and Nei (1988) ; the proportion of substitutions in these two exons is 0.065 in comparison to 0.021 and 0.027 for the remaining coding sequence and the 3' untranslated region, respectively. The 35 substitutions in the second and third exons resulted in 20 amino acid substitutions, primarily in the first domain, and only two nucleotide substitutions were not involved in amino acid interchanges.
The estimated proportion of nonsynonymous (NS) substitutions (0.292 + 0.07) in amino acids impacting the peptide binding site was significantly greater (P < 0.01) than the proportion of synonymous (S) substitutions at these same amino acids (0.07 5 0.06) as predicted by previous studies (Hughes and Nei 1988) . In comparison, the proportion of NS substitutions at framework positions (0.03 + 0.01) was comparable to the proportion of S substitutions at these same positions (0.04 5 0.02). Based on the structure of the peptide binding site proposed by Bjorkman and Parham (1990) , six amino acid interchanges occurred on the cxl helix, four changes occurred on the B strands, and only a single amino acid interchange was observed on the a2 helix.
Phylogenetic analyses. The analysis of class I sequences in rodents has been limited to murid species to the virtual exclusion of other families and suborders. The two Scab sequences reported here are the first class I sequences obtained from a species within the suborder Sciuromorpha.
Given the size of the order Rodentia, it could be expected that Scab class I sequences may not be closely related to class I sequences of murid species. The relationships between the Scab class I sequences and those of other mammalian species were investigated using two methods of phylogenetic tree construction: NJ and MF? The different approaches used by these methods, distance vs. discrete characters, respectively, allow focussing on branch patterns that are supported by statistical anlyses with both methods. (Parham et al. 1989 ); gorilla (Ggo) (Lawlor et al. 1991) ; orangatuan (Ppy) (Lawlor et al. 1990 ); cottontop tamarin (Soe) (Watkins et al. 1991) ; horse (Eta) (Barbis et al. 1994) ; sheep (Oar) (Grossberger, Hein, and Marcuz 1990) ; cow (Bta) (Brown, Spooner, and Clark 1989) ; rabbit (Ocu) (Tykocinski et al. 1984) ; dog (Cfa) (Sarmiento and Storb 1990 ); mouse (Mmu) H-2!? (Hasenkrug and Nathenson 1991) , H-2Kf (Horton et al. 1990 ), Kk (Arnold et al. 1984) , Kd (Kvist, Roberts, and Dobberstein 1983) , Dk (Watts et al. 1987) , Db (Watts et al. 1987) , QIOk (Watts et al. 1989) , and M3 (Wang, Loveland, and Lindahl 1991) ; rat (Rno) RT1.A" (Rada et al. 1990 ) and RT1.Ab (Radojcic et al. 1989) ; hamster (Mau) (McGuire, Duncan, and Tucker 1986); and red-necked wallaby (Mru) (Mayer et al. 1993 ).
Phylogenetic
analysis using a marsupial (Guru) class I sequence as an outgroup was confined to the second, third, and fourth exons since the second and third exons encode the peptide binding site, the fourth exon is uniform in length, and the frequent indels in the exons encoding the transmembrane and cytoplasmic domains of class I molecules do not provide useful information for the NJ method. Constructions by both methods were performed with 200 bootstrap reiterations with a 50% majority-rule consensus tree (with collapsed polytomies) constructed with the heuristic search option of PAUP The strongest statistical support for trees constructed by both methods was observed with exons 2-4 and inclusion of all three codon positions ( fig. 3 ). NJ and MP trees exhibited two major assemblages of murid and primate sequences. The mouse class Ib gene A43 diverged at the earliest time from other murid sequences consistent with (1) the reported relationships among a subset of mouse class Ib genes (Hughes 1991) and (2) the specialized and divergent function of M3 molecules in presenting N-formylated peptides (Pamer et al. 1992) . The Scab sequences diverged prior to the M3 gene, and the intermediate position of Scab sequences between murid and non-murid species is strongly supported in each tree. Further, the sequences from other non-primate species, e.g., horse, cow, sheep, and dog, appear to have separated over a relatively short period of time, consistent with observations made in the phylogenetic analysis of cytochrome b sequences (Irwin, Kocher, and Wilson 1991) .
Extensive analyses support the hypothesis that over-dominant selection drives the diversification of codons in exons 2 and 3 affecting class I PBRs; accordingly, these sites may not provide a true phylogenetic signal for analysis of class I sequence evolution. Analyses of fourth exons by NJ and MP methods resulted in trees that were essentially identical in placement of rodent sequences to those utilizing all three exons (fig. 4) ; changes in branching patterns of non-rodent (primate and non-primate)
were observed involving a number of branches with limited statistical support. As in the trees using exons 24, the Scab sequences were intermediate between the murid sequences and those from primates and other mammals with stronger support for the separation between Scab sequences and murid sequences. Sequences from the majority of other mammalian orders appear to have diverged over a relatively short period of time leading to branches with limited if any statistical support in the NJ tree and a polytomy in the MP tree. MP and NJ trees constructed from exons 2 and 3 re- vealed a single, statistically supported assemblage of murid sequences ( fig. 5) . However, the resolution of exons 2 and 3 from S. aberti and other mammals was arbitrary as indicated by the extensive polytomy in the MP tree and insignificant branches in the NJ tree. Exclusion of codons that impact the PBR resulted in NJ and MP trees that were comparable to those generated using all codons (data not shown) suggesting that selection pressure on the PBR may have also influenced framework codons in exons 2 and 3, potentially through microrecombination events. As a group, these results point out the divergence between the exons encoding the PBR (exons 2 and 3) and the more conserved exon (exon 4) encoding the third extra-cellular domain. Although the second and third exons may be informative for understanding the selective forces that drive diversification of specific peptide binding function, the fourth exon may have greater value for revealing true phylogenetic relationships.
Tandem insertion. We sought to determine if the 6-bp insertion in SqKC11.6 was a rare or frequent occurrence in Scab class I sequences. Genomic DNAs from squirrels collected from the kaibabensis, aberti, chuscensis, ferreus, and barberi subspecies ( fig. 1 ) were amplified by PCR to yield products from nucleotides 139-252 in the SqAClI. 13 sequence. 32P-labelled amplification products were separated on 10% polyacrylamide gels for autoradiography ( fig. 6 ). Both wild-type (114 bp) and insert (120 bp) products were observed at varying levels in the panel of tested squirrels. However, the inserted product was not observed with one red squirrel and two gray squirrel samples. Unlabelled amplicons from A85 and K96 were ligated into pUC 19 for bacterial transformation.
Sequencing of class I inserts identified four different sequences from A85 and five sequences from K96 (fig. 7) ; the original cDNA sequences were observed within this panel (A.1 and K. 1). The SqAClI. 13 sequence was also observed with the insert (A.3) and the SqKClI.6 sequence was observed without the insert (K.5). Further, the nucleotide substitutions clustered at positions 226-230 were observed to "segregate" among these sequences virtually independently of the insert as well as the NS substitution at position 167. The nucleotide substitutions at positions 226-230 and position 167 were confirmed given their identification in products from two independent PCRs. Therefore, the 6-bp insertion is present in a minimum of five sequences and is not an infrequent characteristic of Scab class I sequences.
Discussion
The comparison of class I cDNAs isolated from single aberti and kaibabensis individuals revealed patterns of nucleotide substitutions which are characteristic of MHC class I genes. The majority of nucleotide substitutions that distinguish the SqAClI. 13 and SqKClI.6 cDNAs are in the second and third exons and the majority of these substitutions are nonsynonymous and in codons encoding amino acids that impact the PBR. The majority of substitutions distinguishing the two Scab sequences cluster on B strands that impact the B pocket and the cxl helix. It is appealing to conclude that the clustered nature of these substitutions is evidence in favor of diversification through microrecombination.
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FIG. 7.-Alignment of the AClI.13 and KC11.6 sequences with cloned, PCR-amplified exon 2 sequences derived from amplification of genomic DNA from squirrels A85 and K96. "." signifies nucleotide identity and "-" signifies a gap. more complete understanding of the diversification of Scab class I genes.
A potentially important difference between the two Scab class I sequences is the 6-bp insertion in SqKC11.6 that resulted in a Glu-Pro insertion in a P-strand adjacent to position 45, which appears to form the base of pocket B (Garrett et al. 1989) . The insertion of two amino acids adjacent to position 45 might be expected to be accomodated by both forming a P-bulge and pushing back the base of pocket B since the loop connecting the adjacent p strands should be least resistant to extension (Sibanda and Thornton 1993) . Consequently, the conformational change of pocket B should result in a change in the motif at the second amino acid position of bound peptides. The presence of this insertion in multiple Scab class I sequences coupled with the presence of insertions in class I genes from all tested S. aberti subpecies suggests that insertion/deletion polymorphism in exon 2 may be a prominent feature of the Scab class I gene system. More extensive sequencing is required to confirm the identity of insertions in other squirrels and confirm the presence of this insertion(s) in alleles at single or multiple class I loci.
The lack of indels in human and mouse class I genes suggests that they are rare in the second and third exons of class I sequences from these species. However, indels have been identified in class I sequences from four other mammals including dogs, cotton-top tamatins, Rhesus macaques, and red-necked wallabies (Sarmiento and Storb 1990; Watkins et al. 1991; Otting and Bontrop 1993; Mayer et al. 1993) . The insertions in the latter three species share similarities with the Scab insertion in that they occurred on l3 strands or adjacent loops in pocket B. It is intriguing to speculate that these indels impact peptide binding specificity given their proximity to amino acids affecting the PBR. Indels frequently occur in the hypervariable loop regions of immunoglobulin variable region genes that determine antigen binding specificity (Dildrop 1984 ) and homologous regions of T cell receptor variable region genes (Chothia, Boswell, and Lesk 1988) . In fact, the gene rearrangement required for immunoglobulin and T cell receptor expression naturally generates indels resulting in variable length and specificity of the third complementarity-determining regions. Insertion and deletion events in the class I PBR may also be an important, albeit infrequent, mechanism for diversification of class I genes that, in effect, encode peptide-specific receptors. More class I genes in other species should be sequenced to determine if class I indels are restricted to a limited number of species or if they constitute an alternative mechanism for class I diversification.
The comparison of Scab class I sequences to other mammalian class I genes revealed an interesting position for Scab class I genes within the phylogeny of mammalian class I genes. Phylogenetic trees constructed by NJ and MP techniques on the basis of substitutions in exons 24 indicated that Scab class I sequences are intermediate between murid sequences and those of primates, carnivores, and artiodactyls. The significant divergence of Scab from murid class I sequences appears to be principally based on differences in the second and third exons rather than in the fourth exon. As discussed, the fourth exon encodes the third extra-cellular domain and is not involved in determining the PBR which is affected by strong selection pressure. Accordingly, the fourth exon would be expected to have greater phylogenetic value and yield a more reliable tree based on evolution without selection. In fact, the use of the fourth exon alone resulted in a more predictable branching order in the murid cluster where the hamster sequence (2%~I) appears to have diverged prior to the divergence of the mouse M3 gene from other rat and mouse sequences. This order is consistent with the previous conclusion (drawn from analyses of full-length sequences) that independent duplications account for murid class I relationships (Hughes 1991) . On the other hand, analysis of the second and third exons may relate more of the forces that have shaped peptide binding specificity of class I molecules in different species; the fact that Scab sequences did not cluster with murid sequences when only exons 2 and 3 were analyzed suggests a divergence 64 Wettstein et al. from murids that Further, inclusion may have been or exclusion of driven by selection. peptide binding site codons did not significantly alter observed relationships (data not shown). This result may be based on the supposition that, despite selection at the level of amino acids affecting the peptide binding site, framework amino acids may be affected indirectly either as hitch-hikers in potential microrecombination processes or by compensation for changes in amino acids that impact the peptide binding site in order to maintain proper conformation of the class I molecule.
The sequences we have reported are the first class I genes to be sequenced from the suborder Sciuromorpha that includes squirrels, chipmunks, marmots, and prairie dogs. The divergence of Scab class I from murid class I strongly suggests that there is no single model for rodent class I genes. Different segments of class I genes from rodent species may be more closely related to those of species in other orders than they are to other rodents. The study of class I and class II genes in additional rodent species in all suborders should provide important information on the evolution of the MHC in the largest orders.
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